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Abstract

The Makiso municipality is located in an urban area influenced by a very high
rate of land occupation by houses. This land use has an impact on the quality
of the groundwater exploited by wells and springs. This groundwater helps to
make up for the deficit caused by the lack of a water distribution network.
It is also threatened by pollution from human activities. In order to protect
the groundwater in Makiso municipality from pollution, the study of the in-
trinsic vulnerability assessment in the aquifers was carried out by applying
the DRASTIC method and the Geographic Information System (GIS). The
results obtained using this method were grouped into two degrees of vulnera-
bility (medium and high), with variations in DRASTIC indices of [141 - 145]
for the medium degree and [146 - 175] for the high degree. The high vulnera-
bility class is the most dominant, with a percentage of 96.5% of the study area.
The medium vulnerability class, which represents 3.5% of the area of the Ma-
kiso municipality, is mainly located in the western (medical plateau district),
central (Lualaba district) and southern (commercial district) sectors in the
form of isolated pockets. A comparison of the nitrate distribution map with
the final vulnerability map shows that the areas defined as highly vulnerable
by the DRASTIC method and the areas with high nitrate concentrations
(above 0.11 mg/l) are in agreement. On the other hand, there are other areas
with low nitrate concentrations (below 0.05 mg/l) which correspond to the
high vulnerability indices.
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1. Introduction

The vulnerability of a groundwater body to pollution is a measure of how easily
it can be affected by pollution [1] [2]. This pollution can be generated by a point
source (landfill, cemetery, domestic or industrial wastewater discharge, etc.), li-
near (wastewater network, agricultural drainage network, etc.) or diffuse (chem-
ical fertilizers, pesticides, herbicides, domestic wastewater application, etc.) [3].
In urban or industrial environments, groundwater can quickly become fragile to
overexploitation or contamination. Some researchers have developed tools for
the protection and preservation of groundwater.

Mapping vulnerability to pollution makes it possible to identify areas at high
risk of contamination, regardless of the type of pollutant. It should in principle
condition urban land use plans or at least allow the targeting of areas where
strict protection measures should be adopted and this is within the framework of
predicting the spread of pollutants from developments.

The groundwater of the Makiso municipality is subject to multiform pollution
that weakens this vast area of the city of Kisangani. It is mainly fed by rainwater,
but also by the infiltration of water from the rivers (Congo River, Tshopo River
and their tributaries) that cross the municipality and are in permanent commu-
nication with the alluvial aquifer. The groundwater resources of this aquifer are
increasingly solicited to cover the ever-growing water needs in various fields (food,
irrigation, industry, etc.). However, these groundwater resources are threatened
by several factors linked in general to the poor environmental management.
Discharges of domestic or industrial water into the groundwater without prior
treatment and without any measures to protect the water resource can pollute
the groundwater. In this urban area, latrines are located upstream, at a distance
of less than 15 m from traditional water sources and wells.

Thus, this work was carried out with the aim of assessing the vulnerability
to groundwater pollution of the Makiso municipality in Kisangani using the
DRASTIC method and GIS. The DRASTIC method is presented in the form
of numerical rating systems, based on the consideration of different factors in-
fluencing the hydrogeological system [4]. The application of this methodology
cannot be possible without the use of Geographic Information Systems (GIS),

due to the very large amount of data required necessary [2].

2. Methodology
2.1. General Presentation of the Study Area

Makiso is one of the six municipalities of the city of Kisangani, covering an area
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2798000

2798000

of about 27 km? It is located in the centre of the city (Figure 1), between latitude

0.5° and 0.57°N and between longitude 25.12° and 25.22°E. The climate is of the

hot and humid equatorial type, belonging to group Af of the Koppen classifica-
tion. The average temperature of the coldest month is 18°C. The average rainfall
in the driest month is more than 60 mm and the temperature range is less than

5°C [5].

Rainfall is abundant despite a decrease from December to February and from
June to August, resulting in two short, relatively dry seasons [6] [7]. The muni-
cipality is drained mainly by the Congo River in the south and the Tshopo River
in the north. These two major rivers in turn collect water from numerous tribu-
taries, most of which flow through the municipality.

Geologically, the Makiso municipality is characterised by Upper Precambrian
(Lindian), Mesozoic (Lueki and Kisanani Groups) and Cenozoic (Central Cu-
vette Supergroup) formations. The lithological descriptions presented in this
work are those proposed by [8] [9] and [10] [11], recently updated by [12].

e The Lindian is mainly composed of sandstone and shale, with intercalations
of limestone and dolomite. The whole is little or no metamorphic (chlorite
stage). The existence of unconformities allows it to be subdivided into three
groups: Aruwimi, Lokoma and Ituri. The lower group, the Ituri, is composed
of arkose and quartzites on which limestones and dolomites lie. It ends with
shales containing intercalations of limestones and dolomites. The intermediate

group or Lokoma starts with arkoses and conglomerates, on which lie shales

2800000 2802000 2804000 2806000 2808000 2810000
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Figure 1. Location map of the study area.
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containing intercalations of limestone and dolomites. The upper group or
Aruwimi has quartzites and arkoses at the base, locally conglomeratic, on
which shales lie. The Aruwimi ends with a thick formation of fine, red ar-
kose.

e The cover lands comprise Mesozoic and Cenozoic formations. The Mesozoic
is only found in the valley of the Congo River and its tributaries. It is represented
by the Lueki Group of Triassic age (typical red facies rock) and the Kisangani
Group of Upper Jurassic age. These formations are subhorizontal and are
mainly composed of soft sandstones and mudstones with calcareous marl
and sandstone and bituminous shales. The Cenozoic covers the oldest forma-
tions. It is composed of more or less clayey sands, sandy gravels with some

conglomerates at the base and lateritic layers.

2.2. Collection and Integration of Hydrogeological Data in the GIS

The data collection equipment consists of a sonic piezometer probe (Heron
Dipper-T Water-Level Meters) to measure the water level in the wells, a Garmin
GPS (Etrex 30), calibrated to the geographical coordinates of the Kisangani geo-
detic point, a plumb bob and a tape measure used to measure the depth and di-
ameter of the wells respectively, a field notebook and a digital camera.

A total of eighty-one (81) measurement points were selected to achieve the
most uniform geographical coverage possible across the study area.

The cartographic integration of well data was carried out with QGIS software
using digital data files from the hydrogeological database established from the
field data including the various digitized maps (geological, topographical, hy-
drographic...).

The interpolation of some hydrogeological data by geostatistical processing
was done using Surfer software. The most appropriate interpolation method to

perform the analysis was the Kriging method.

2.3. Vulnerability Assessment Method Used

There is no absolute method for assessing the vulnerability of groundwater [13].
In the literature, several methods for assessing vulnerability to pollution have
been adopted. They range from the most complex with models taking into ac-
count physical, chemical and biological processes in the saturated zone, to
weighting methods between different criteria affecting this vulnerability. These
include the following methods: DRASTIC [14], GOD [15], AVI [16], SINTACS
[17] [18].

In the present study, we used the DRASTIC method because of the concor-
dance of the parameters to be measured found in our study area. This method
involves parameters relating to the recharge of the water table, the nature of the
soil, the topographical slope and the hydrogeological characteristics, in particu-
lar, the porosity and hydraulic conductivity of the medium under consideration.

This method is based on the fact that the contaminant spreads in the environ-
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ment from the soil surface by infiltration of precipitation and the type of conta-
minant does not influence the degree of vulnerability. It is based on the evalua-
tion of seven parameters: depth of the water table (D), recharge (R), type of
aquifer (A), type of soil (S), topography (T), impact of the vadose zone (I) and
hydraulic conductivity (C).

Each of these parameters is assigned a weight (predetermined value) between
1 and 5, which reflects the importance of the parameter in the contaminant
transport and attenuation processes. A dominant parameter is assigned a weight
of 5, while a parameter with less impact on the fate of a contaminant is assigned
a weight of 1. The DRASTIC parameter weights used are those defined by [14].

These seven parameters are associated with scores ranging from 1 to 10, de-
fined in terms of ranges of values (classes). The lowest score represents the con-
ditions of lowest vulnerability to contamination. Once the different classes have
been defined and their scores assigned, the method determines the DRASTIC
index (Id) which characterizes the degree of vulnerability of a given sector of the
water table. The higher the index (Id) calculated, the greater the vulnerability.
The DRASTIC vulnerability index is calculated by summing the products of the
scores (ratings) by the weights of the corresponding parameters according to the

following formula:
Id = (Drwa)+(Rr><Rw)+(Ar><Aw)+(Sr><Sw)

+(Tr><Tw)+(Ir><IW)+(Cr><CW) )

where, D, R, A, S, T, I, C, are the parameters listed above; r: the rating given to
each parameter and w: the weighting factor given to each parameter.

The index calculated in this way represents a measure of the level of risk of
contamination of the hydrogeological unit to which it relates. This risk increases
with the value of the index. Formula (2) is used to convert DRASTIC indices in-

to percentages.

Id in % = (Id —23/203)x100 ()

Id is the calculated vulnerability index of the hydrogeological unit. This per-
centage can have a maximum value of 100 (226) and a minimum value of 0 (23)
(Table 1).

In this study, the assessment of vulnerability to pollution was carried out us-
ing the DRASTIC method and QGIS software. The latter allowed the integration
and he latter allowed the integration and spatial distribution of the weighted
scores attributed for this method and their representation in shape file format.
This technique was used by [19]. In summary, the methodology used in this
work is shown in the flowchart in Figure 2.

3. Results and Interpretations
3.1. Thematic Maps of DRASTIC Parameters

3.1.1. Depth of Groundwater (D)
The depth gives an idea of how far the pollutant has to travel before reaching the
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Table 1. DRASTIC index and degree of vulnerability [3].

DRASTIC Index (Id) Degtee of vulnerability
23 to 84 (0% to 30%) Very low
85 to 114 (31% to 45%) Low
115 to 145 (46% to 60%) Medium
146 to 175 (61% to 75%) High
176 to 226 (76% to 100%) Very high

_ @

TELIT L

Calculation of vulnerability values using the DRASTIC method

" Integration of data in the GIS |

Index Map

Index classifications Conversion of DRASTIC
indices into % vulnerability

DRASTIC pollution Classification of % by
vulnerability map hydrogeological vulnerability

Figure 2. General outline of the methodology.

water table [3]. The evaluation of this parameter was based on the water level
values taken directly in the wells studied using a hand-held probe with a light
and sound indicator. A total of eighty-one (81) measurement points were chosen
to obtain the most uniform geographical coverage possible. The values obtained
were classified according to the DRASTIC rating system. The depth map was es-
tablished by interpolating the values by geostatistical analysis (Kriging method)
under the Surfer software.

Three classes are distinguished on the map, ranging from 0.02 m depth to
more than 7.82 m, but most of Makiso municipality is located at a depth of more
than 1.5 m (eastern and western parts of the municipality). The following classes

are summarised in Table 2.

3.1.2. Net groundwater Recharge (R)

The effective or net recharge defines the quantity of water, per unit area, that in-
filtrates and reaches the saturated zone. This water is a factor in the transfer of
pollutants to the groundwater through the vadose zone. The estimation of re-
charge is difficult to determine because it is discontinuous. In order to estimate
recharge, we used test wells where we assumed that no sampling had taken place.
We proceeded by taking the difference between the static levels recorded at these
wells during the rainy (22) and dry (n1) periods and the highest recharge value
(a). A coefficient (p) was therefore determined and multiplied by the infiltration

calculated from rainfall data averaging 193 mm/year from regions with the same
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Table 2. Classes, ratings, indices and weights of parameter D (depth of groundwater).

Class D (m) Rating (r) Index Weight
0.0-1.5 10 50
1.5-45 9 45 5
4.5-9.0 7 35

climate or geological characteristics as ours. This method has already been
adopted by the authors [2].
_n2-nl

a

p and Rn=pxR (3)

with Rn: the calculated net recharge and R the recharge determined over the
whole study area and which is homogeneous.

The definition of the recharge classes (R) was based on the notation given by
[20]. According to the DRASTIC notation, the spatial variation of recharge has
only one class (Table 3).

3.1.3. Aquifer Environment (A)

The aquifer environment parameter refers to the lithology of the aquifer and
plays a role in the trapping of pollutants, including nitrates, which escape the
absorption capacity of the soil. Its identification was based on the lithological
logs of the wells in the study area. The analysis of these data illustrated that the
aquifer material in the Makiso municipality is essentially made up of gravel with
sand on the one hand and very fine sand on the other. The indices correspond-
ing to this parameter were estimated according to the notation illustrated in Ta-
ble 4.

3.1.4. Soil Types (S)

The type of soil has an impact on the fringe of water that infiltrates through the
soil to reach the groundwater resources and thus the vertical migration of pollu-
tants through the unsaturated zone. It thus influences the migration time of
contaminants to the groundwater. The information gathered from the field ob-
servations was used to define the nature of the soil in the Makiso municipality.

The index values were determined according to the classes reported in (Table 5).

3.1.5. Topography or Slope (T)

The topography parameter is represented in the DRASTIC method by the slope
values in (%), this parameter translates the aptitude for runoff and infiltration of
surface water towards the groundwater and therefore reflects the capacity of this
water to introduce polluting agents towards the groundwater. The greater the
slope of the land, the greater the runoff of water and consequently the lower the
contamination of groundwater. On the other hand, an area with a low slope has
a tendency to retain water for a long period of time, which allows a greater po-

tential for contaminant migration.
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Table 3. Class, rating, index and weight of the parameter R (effective groundwater re-
charge).

Class R (mm/year) Rating (r) Index Weight
0.0-5.0 1 4 4

Table 4. Classes, weights, scores and indices for parameter A (aquifer environment).

Class A Rating (r) Index Weight
Gravel with sand 8 24
3
Very fine sand 7 21

Table 5. Classes, weights, scores and indices of parameter S (soil type).

Class S Rating (r) Index Weight
Absent 10 20
Sand 9 18 2
Clay 1 2

The different slope values were determined on the basis of SRTM images us-
ing QGIS. The definition of the slope classes (T) was based on the notation given
by [9]. The classes thus retained for the slope parameter “T” are summarized in
Table 6.

3.1.6. Impact of the Vadose Zone (I)

The vadose zone is an unsaturated zone between the soil layer and the water ta-
ble. The nature of this zone is an important parameter in the vulnerability as-
sessment, as it influences the speed of propagation of pollutants into the aquifer.
The influence of this zone in the potential pollution of the aquifer depends
mainly on its permeability and attenuation capacity. The process of calculating
and mapping Theme “I” is the same as for the saturated zone (Aquifer Environ-
ment A). In this study, the nature of the vadose zone was determined by inter-
polation and correlation of observation well data (lithostratigraphic logs). In-
terpolation of the relative ratings of this parameter allowed two classes of zones
to be distinguished, with different degrees of vulnerability (Table 7).

3.1.7. Hydraulic Conductivity of the Aquifer (C)
The hydraulic conductivity controls the speed of propagation of pollutants in the
aquifer. It depends on the lithology of the aquifer. The higher this parameter is,
the faster the transfer of pollutants. This parameter could not be evaluated from
the interpretation of pumping tests. These tests were few in number or poorly
carried out and proved to be unreliable. However, in order to be able to extrapo-
late to the entire study area, we used the table for estimating permeability based
on the lithological nature of the aquifers [1].

The average values thus determined for the Makiso municipality make it
possible to use the DRASTIC rating tables to highlight the different zones, each
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Table 6. Classes, weights, scores and indices of parameter T (land slopes).

Class T (%) Rating (r) Index Weight
0.0-2.0 10 10
1
2.0-6.0 9 9

Table 7. Classes, weights, score and index of parameter I (impact of the vadose zone).

Class I Rating (1) Index Weight
Clay-Sand 7 35
5
Sandy Clay 2 10

characterized by a partial index C. The variation in the hydraulic conductivity of

the water table makes it possible to distinguish two classes presented in Table 8.
The different parameters described above have enabled us to draw up themat-

ic maps. On each of these maps (Figure 2), the areas characterized by a partial

vulnerability index of the corresponding parameter are delineated.

3.2. Mapping of Groundwater Vulnerability in the Makiso
Municipality

The combination of the different parameters assessed has resulted in the
DRASTIC index map (Figure 3). The risk of groundwater contamination in-
creases with the value of the index. It can have a maximum value of 226 (100%)
and a minimum value of 23 (0%). The different indices were classified according
to the ranges adopted by [19], taking into account the characteristics of the study
area. The calculation of the percentages of vulnerability using the formula for
converting DRASTIC indices into percentages [ID (%) = (ID — 23) x 100/203]
and from the DRASTIC indices obtained, it was possible to obtain a classifica-
tion into two areas of vulnerability: 1) medium vulnerability and 2) high vulne-
rability. These two classes are shown in Table 9 and Figure 4.

This classification of the percentages of DRASTIC indices has made it possible
to obtain the intrinsic vulnerability map of the Makiso municipality to ground-
water pollution. The DRASTIC indices obtained at the municipality level vary
from 141 (58%) to 175 (75%). The analysis of the map below shows dominance
of high vulnerability areas in the majority of the Makiso aquifer.

On this map, two degrees of vulnerability are highlighted. These are the:

1) Medium degree of vulnerability: this represents only 3.5% of the mapped
areas. This class reflects a medium vulnerability to pollution. The medium vul-
nerability in this area can be explained by the fact that the depth is greater than
or equal to 1.5 m.

2) Thus, allowing the contaminant to take a long time to reach the water table
and the nature of the aquifer, as well as the vadose zone characterized by a fine
texture. Indeed, materials with a fine texture promote certain processes such as
adsorption, the more the vadose zone is rich in fine particles, the greater the ad-

sorption of pollutants, and the greater the protection of the groundwater. In

DOI: 10.4236/jwarp.2022.142008

134 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2022.142008

P. Mashala et al.

64000

62000

2798000 2800000 2802000 2804000 2806000 2808000
Map of p D (depth of g
Legend + +

3 Makiso commune
[0 Surface hydrography
~—— Linear hydrography
~— Roads

@ Neighbourhoods

+
_|_
62000

+
60000

_l’_
58000

2798000

2802000

(a)

2804000

2798000 2800000 2802000 2804000 2806000 2808000 2810000
° Map of p R (netg harge)
g
g .
3
Legend /
I Index 4
... | &3 Makiso commune
[ Surface hydrography
§ ~ Linear hydrography + + §
S S
o] ~—— Roads ©
@ Neighbourhoods
8 8
g + + + +ig

+
58000

8 4 8
g + +13
o 0 1 2km |
Fdc L S|
2798000 2800000 2802000 2804000 2806000 2808000 2810000
2798000 2800000 2802000 2804000 2806000 2808000 2810000
3 Map of parameter A (Nature of the aquifer) 3
g . . g
3 3
Legend /
Index 21
B index 24
= ) makiso commune
g [ Surface hydrography 4 4 g
3 ~—— Linear hydrography 3
~— Roads
@ Neighbourhoods
8 8
g + + + +g

56000

Plateau Médical

+
58000

(©)

=)
+ [NF + +§
1 2km
Fdc | S—
2798000 2800000 2802000 2804000 2806000 2808000 2810000

DOI: 10.4236/jwarp.2022.142008

135

Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2022.142008

P. Mashala et al.

2798000 2800000 2802000

2804000 2806000 2808000 2810000

64000

Index 18
[

62000

Map of parameter S (Soil type)

Legend
[ Index 2

I 1ndex 20
[ Makiso commune
[0 Surface hydrography
~— Linear hydrography
— Roads

@ Neighbourhoods

64000

_|_
+
62000

Q\

4 +

o
5
5}
+ 8
S
3
2
Plateau|l<dical]
8
\ +(g
3
2798000 2800000 2802000 2804000 2806000 2810000
2798000 2800000 2802000 2804000 2806000 2808000 2810000

Map of parameter T (Topography)

- |

Legend

Index 9
I Index 10
3 Makiso commune
[0 Surface hydrography
~ Linear hydrography
~— Roads
@ Neighbourhoods

2798000

2800000 2802000

2798000 2800000 2802000

(e)

2804000 2806000

2804000 2806000

62000

60000

56000

Map of parameter I (Impact of the vadose zone)

W .

Legend

Index 10
I Index 35
[ Makiso commune
I Surface hydrography
~— Linear hydrography
~—— Roads
@ Neighbourhoods

- -

+
Jr
62000

+
Jr
60000

+
58000

(Commercial

s
+ + +
3
1 2km |

Fdc —
2798000 2800000 2802000 2804000 2806000 2808000 2810000

()

DOI: 10.4236/jwarp.2022.142008

136

Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2022.142008

P. Mashala et al.

2798000 2802000

2804000

2808000 2810000

2806000

28000\00
Map of Parameter C (Hydraulic Conductivity)

W )

64000

Legend

Index 6
I Index 30
[ [ Makiso commune
[ Surface hydrography
~—— Linear hydrography
— Roads
@ Neighbourhoods

62000

64000

+
+
62000

+
60000

+
58000

8 g
g + =+ +|8
o 1 2km |

Fdc e E— |
2798000 2800000 2802000 2804000 2806000 2808000 2810000

(g)

Figure 3. Presentation of the thematic maps. D-parameter (a); R-parameter (b); A-parameter
(c); S-parameter (d); T-parameter (e); I-parameter (f); C-parameter (g).

64000

2798000 2800000 2802000 2804000 2806000 2808000 2810000
s Legend DRASTIC index map A
= A
& + Medium degree of vulnerability + ! ! a

[ 1d DRASTIC 140-145
High degree of vulnerability
Id DRASTIC 146-150
\ {77 Id DRASTIC 151-155
+ [ 1d DRASTIC 156-160 +
7] 1d DRASTIC 161-165
Il 1d DRASTIC 166-170
I 1d DRASTIC 171-175
3 Makiso commune
[0 Surface hydrography
+ ~— Linear hydrography
— Roads
@ Neighbourhoods

62000

60000

Fdc

+
_I_
62000

+
_I_
60000

_|_
58000

+

56000

1 2 km
e

2800000 2802000

2798000

2804000

2806000 2808000 2810000

Figure 4. Groundwater pollution vulnerability map of Makiso municipality according to the

DRASTIC method.

Table 8. Classes, weights, scores and indices of parameter C (aquifer hydraulic conduc-

tivity).
Class C (m/s) Rating (r) Index Weight
>9.4 x 107 10 30
3
470 x 107°-1.47 x 107* 2 6
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Table 9. Vulnerability classification of groundwater in Makiso municipality.

DRASTIC Index Value Degtee of DRASTIC Index (DI)
o1s %Area
(DI) vulnerability to %
141 to 145 Medium 58 to 60 3.5
146 to 175 High 61 to 75 96.5

these areas, the vadose zone containing sandy clays delays the percolation of the
pollutant to the piezometric surface. This class is located in isolated pockets in
the western (medical plateau district), central (Lualaba district) and southern
(commercial district) sectors of the municipality of Makiso.

3) High degree of vulnerability: occupying almost the entire study area, i.e.
96.5% of the surface of the municipality of Makiso. These areas correspond to
flat surfaces where the topographic slope is very small. The high degree of vul-
nerability can be explained by the shallow depth of the water table (less than 1.5
m) combined with the low slope of the land (less than 2.0%). These conditions
promote the infiltration of any contaminants present at the surface. It should
also be noted that the increase in the degree of vulnerability in these sectors is
linked to the nature of the soil (sandy texture or absent as a result of intense anth-
ropic activities), the vadose zone corresponding to clayey sands and the aquifer,
which is made up of sandy gravels (coarse materials and therefore permeable),
which can facilitate the rapid circulation of water (pollutants).

Figure 5 shows the distribution of the surface area in % of the degree of vul-
nerability to pollution of the studied water table. It can be seen that the high de-
gree of vulnerability occupies almost the entire study area, ie. 96.5% of the sur-
face area of the Makiso municipality.

3.3. Validation of the Vulnerability Map

Any vulnerability map developed should be tested and validated by measure-
ments of physico-chemical and bacteriological parameters in order to assess the
deterioration of groundwater quality. In the validation of vulnerability maps, the
really contaminated areas should correspond to those with the highest vulnera-
bility indices. A vulnerable area may also have a low vulnerability index because
the notion of vulnerability is not synonymous with actual pollution, but rather
with a predisposition of these areas to possible contamination if nothing is done
to protect them. For our purposes, we will test the validity of vulnerability to ni-
trate pollution in groundwater by comparing the spatial distribution of nitrates
in groundwater with the distribution of vulnerability classes.

The spatial distribution of nitrate is based on the Kriging interpolation of
NO; data across the Makiso municipality. Nitrate concentrations in the ana-
lyzed groundwater vary between 0.01 and 0.13 mg/l. These concentrations are
below the drinking water threshold of 50 mg/l, which means that the samples
analyzed are not polluted by nitrates compared to the standards set by the World
Health Organization (WHO). The map in Figure 6 shows the spatial distribu-

tion of nitrate concentrations.
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Figure 5. Distribution of groundwater pollution vulnerability levels in Makiso munici-
pality.
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Figure 6. Spatial distribution of nitrate concentrations in groundwater in Makiso municipality

Comparing the Nitrate distribution map with the vulnerability map, we can
see that it is more the central part (commercial district) where Nitrate levels in-
crease from south to north. We can see that the area with a high degree of vul-
nerability correlates with nitrate concentrations above 0.11 mg/l. On the other
hand, there are other areas with low nitrate concentrations (below 0.05 mg/l)
such as in the south-east of the study area at the level of the Artisanal district,
which corresponds to high vulnerability indices. This can be explained by the
absence of surface sources of nitrate pollution in these areas.

4. Conclusion

The assessment of the vulnerability to groundwater pollution of the Makiso mu-
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nicipality in Kisangani, carried out by applying the DRASTIC method and the
Geographic Information System (GIS), revealed a major trend in the vulnerabil-
ity of the groundwater concerned. Two degrees of vulnerability were highlighted
(medium and high), with variations in DRASTIC indices of [141 - 145] for the
medium degree and [146 - 175] for the high degree. The most dominant degree
is the high degree, which represents almost the entire municipality studied (96.5%).
This allows us to conclude that this groundwater is threatened locally by the in-
filtration of pollutants from the soil surface. The average degree representing
3.5% of the surface area of our study sector may change due to the combined ef-
fects of man and rainfall. The nitrate distribution map was used for the valida-
tion of the groundwater vulnerability model. The nitrate concentrations ob-
tained for the water samples analyzed vary between 0.01 and 0.13 mg/l. These
concentrations are below the WHO potability threshold of 50 mg/l. The com-
parison between the nitrate distribution map and the final vulnerability map
shows that the areas defined as highly vulnerable by the DRASTIC method and
the areas with high nitrate concentrations (above 0.11 mg/l) are in agreement.
On the other hand, there are other areas with low nitrate concentrations (below
0.05 mg/1) which correspond to the high vulnerability indices. This can be ex-
plained by the absence of surface sources of nitrate pollution in these areas.
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